Intravoxel Incoherent Motion (IVIM) is a recently rediscovered noninvasive magnetic resonance imaging (MRI) method based on diffusionweighted imaging. It enables the separation of the intravoxel signal into diffusion due to Brownian motion and perfusion-related contributions and provides important information on microperfusion in the tissue and therefore it is a promising tool for applications in neurological and neurovascular diseases. This review focuses on the basic principles and outputs of IVIM and details it major applications in the brain, such as stroke, tumor, and cerebral small vessel disease. A bi-exponential model that considers two different compartments, namely capillaries, and medium-sized vessels, has been frequently used for the description of the IVIM signal and may be important in those clinical applications cited before. Moreover, the combination of IVIM and arterial spin labeling MRI enables the estimation of water permeability across the blood-brain barrier (BBB), suggesting a potential imaging biomarker for disrupted-BBB diseases.
Introduction
Perfusion refers to the passage of blood delivering nutrients and oxygen to the tissue in the capillary bed (Krogh, 1922) . It is an important mechanism of the brain metabolism and plays a crucial role in its normal operation. It is directly involved with regulatory mechanisms (e.g. autoregulation of blood flow, vascular reactivity, and hyperemia) that once unregulated result in cerebral disorders (Hall and Guyton, 2011) , such as stroke, dementia and cognitive deficits.
In the brain, perfusion is classically quantified as cerebral blood flow (CBF) which consists of blood volume per unit of brain tissue per unit of time, usually given in mL/100g/min (Le . However, other metrics can be estimated depending on the imaging method. Among several methods, intravoxel incoherent motion (IVIM) estimates brain perfusion based on magnetic resonance imaging (MRI) (Le Bihan et al., 1986) . Other approaches are also based on MRI, nuclear medicine and optics (Obrig, 2014; Wintermark et al., 2005) .
MRI-based perfusion methods include dynamic contrast enhancement (DCE), dynamic susceptibility contrast (DSC), arterial spin labeling (ASL) (Wintermark et al., 2005) , and IVIM. The former two techniques are based on the concept of a bolus of blood volume transiting through the tissue. DCE provides information about Ktrans (volumetric transfer constant between blood plasma and extracellular extravascular space (EES)) (Sourbron and Buckley, 2013b) , permeability-surface area product, and cerebral blood volume (CBV) (Heye et al., 2016; Paldino and Barboriak, 2009 ). However, the latter is not usually assessed. DSC, the best choice for brain evaluation in clinical settings, provides a relative measurement of CBV, mean transit time (MTT), time to peak (TTP) and an estimation of CBF. ASL is a noninvasive alternative that assesses perfusion through quantification of CBF, which takes advantage of the hydrogen in the arterial blood as an endogenous tracer Ferre et al., 2013; Williams et al., 1992) .
In the late 1980's, Le Bihan designed IVIM, another approach that measures perfusion-related parameters using MRI noninvasively (Le Bihan et al., 1986) . Multiple diffusion-weighted images (DWI) were acquired varying the diffusion gradient weighting. The amplitude of the resulted signal decays exponentially as the diffusion weighting increases. This decay is fitted to a theoretical model to separate diffusion and perfusion contributions of the signal (Le Bihan et al., 1988) . A detailed explanation is provided is section 2.
Initially, IVIM drew interest for applications in liver and kidney. Several studies proved its usefulness (Hu et al., 2017; Li et al., 2017; Luciani et al., 2008; Meeus et al., 2017; Yamada et al., 1999) . Despite having been initially tested for cerebral imaging, due to its high fractional anisotropy, the existence of several
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other established imaging methods, and the lack of a consensus about the best fitting method to adjust the signal to a physiological model, IVIM was not very well explored a priori. However, a better physiological description of IVIM signal and emergence of optimized fitting approaches have increased the application of IVIM in the brain over the past years. This review provides an overview of the IVIM technique and addresses its main applications in the brain and future directions regarding its use for the study and evaluation of neurological and neurovascular diseases. The combination of IVIM with ASL and their complementarity are also discussed.
Theoretical Considerations

1 -The concept of the IVIM signal
Water molecules in a fluid exhibit microscopic random translational motion, called Brownian motion (Einstein, 1956) , which results in molecular diffusion. The mean square distance traveled by a molecule is proportional to time and diffusion coefficient D. The latter coefficient depends on diffusing molecules, fluid viscosity, and temperature. At the capillary bed, besides the free water diffusion, the water molecules also flow (Budinger et al., 1985) , due to the blood flow. Therefore, in the vascular compartment, the molecular diffusion path is limited by the vessel wall and influenced by the fluid viscosity and blood flow, which results in another diffusion contribution, modulated by a different coefficient, D*, one order of magnitude greater than coefficient D and first described by Le Bihan in 1986 (Le Bihan et al., 1986 .
Restrictions imposed on diffusion motion (Tanner and Stejskal, 1968) are measured by MR experiments through the application of magnetic field gradients and result in diffusion-weighted images (Carr and Purcell, 1954; Hahn, 1950) . After the use of those gradients, the MR signal decays exponentially according to the diffusion coefficient and the b-value, introduced by Tanner in 1965 (Stejskal and Tanner, 1965) and refers to the weighting of the diffusion pulse sequence. The b-value, expressed in s/mm 2 , depends on the diffusion gradient waveform, the time duration of the gradients and the interval between them, according to the following equations:
where γ is the gyromagnetic ratio, G is the diffusion gradient magnitude in mT/m and t is the time duration of the application of the gradient pulse.
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If the signal is measured in a pure solution, where the only source of motion is Brownian due to thermal diffusion, the MR signal can be expressed by a single exponential equation:
where S(b) represents the signal acquired at a specific b-value and S0 is the signal with no application of diffusion gradients. When the signal comes from a biological tissue, some factors that reduce the diffusion motion, such that it decays according to a different diffusion coefficient, called apparent diffusion coefficient (ADC) (Le Bihan et al., 1986) which is the sum of contribution of all diffusion coefficients related the resulting motion. Under such a condition, diffusion MR signal can be expressed by:
which is the representation of the diffusion mono-exponential model. Several components account for the total ADC under biological conditions. However, in comparison to contributions of thermal diffusion and flowing effects, other sources can be neglected, and the signal can be modeled through a bi-exponential model (Equation 5 ), in which each exponential amplitude depends on the blood volume perfusion fraction (f) in a way the sum of those amplitudes must be one.
Equation 5 describes the IVIM signal where D is the diffusion coefficient of free water, D * is the pseudo-diffusion coefficient, f is the perfusion fraction and b is the b-value. The idea beyond the IVIM method is to separate those contributions through the mapping of D, D * and f ( fig. 1 ). Each map contributes with different information, which, combined, helps the understanding of the water movement. Perfusion fraction f represents the volume of blood flowing into the capillary, whose water movement has the contribution of the blood flow and the diffusion motion within a single voxel. All such motions are summarized into pseudo-diffusion coefficient D * . Thus, with the parameters f and D * , IVIM provides the perfusion contribution to the MR signal. Although D* maps are noisier than the others ( fig. 1b ), studies in the literature have shown their utility, as discussed in section 3. The omission of D* maps might result in the loss of useful information. On the other hand, D is the pure water diffusion coefficient and represents a voxel diffusion contribution to the signal in the extra-vascular pool. Since D * is one order of magnitude higher than D, the exponential decay with the pseudo-diffusion coefficient vanishes faster, and its contribution to the total signal is distinguishable only at low b-values. At higher b-values, the contribution of the exponential with D models the signal. Multiple b-values are necessary to estimate from which b-value there is only diffusion contribution and consequently to estimate D, D * and f precisely ( fig. 2 ). Le Bihan proposed acquisition with only three b-values, which are theoretically enough for the obtaining of IVIM outputs. However, more points are necessary especially for the brain due to noise contamination and low D/f ratio, i. e., 0.5%, in comparison to 3.5% in the liver, for example (Le . Such a small percentage of perfusion contribution requires oversampling of low b-values. Therefore, between 10 and 30 b-values are usually employed, and the maximum b-value ranges from 1000 to 2000 s/mm 2 (Lemke et al., 2011) . The IVIM signal represents approximately 5% of the total diffusion signal, which motivated Neil et al. to develop strategies for suppressing the diffusion contribution and better understanding the IVIM signal (Neil et al., 1991) . The approach used was the injection of a contrast agent for decreasing T1 and selectively suppressing the signal of non-flowing components. Once the diffusion contribution had been suppressed, the authors expected to fit the resulted signal by a mono-exponential model. However, they observed the signal was better adjusted through a bi-exponential approach. Other studies also investigated that behavior towards explaining the results (Henkelman et al., 1994; Neil and Ackerman, 1992; Neil et al., 1994) . Fournet et al. described a more specific bi-exponential model (Fournet et al., 2017 ) that considers two different compartments, namely capillaries, and medium-sized vessels. The authors hypothesized the bi-exponential behavior reflected the contribution of flow through two different vascular pools. The slow and fast pools represent capillaries and medium-sized vessels, respectively. That differs from classical IVIM models that consider a single compartment: the intravascular. At high b-values, both models converge to the mono-exponential decay, however, at low b-values, the signal is better fitted considering two pools.
Such information helps the understanding of the IVIM signal and can also be useful for clinical applications.
-Physiological models and fitting approaches
Since IVIM was proposed in 1986, several models were developed to explain the physiology related to the IVIM signal (physiological models) and others to fit better the acquired signal resulting in more trustful output maps (fitting models/approaches). However, there is some confusion in the literature about the terminology employed to classify all these models, especially about the bi-exponential terminology that is recurrently used to refer to both physiological and fitting models.
-Physiological models
Physiological models aim to explain the nature of the measured IVIM signal. Le Bihan (Le Bihan et al., 1988) introduced the two first models, the mono-exponential and sinc models. Part of the confusion on terminology is related to the mono-exponential model since it is described by an equation of two exponential terms (Equation 5). It is referred to as mono-exponential because only one compartment (the intravascular one) is used for explaining the pseudo-diffusion contribution to a single exponential term. On the other hand, Fournet's bi-exponential IVIM model considers two compartments, namely capillaries and medium-sized vessels, to explain the pseudo-diffusion and perfusion related information, the (Fournet et al., 2017) . Therefore, the use of mono-and bi-compartment models may help to end the confusion.
-Fitting models
The main step of the IVIM data analysis consists of fitting the measured signal to a theoretical model and, consequently, researches have focused on the optimization of the fitting approaches. Classically, the IVIM signal is fitted through a two-step mono-exponential analysis. First, the diffusion coefficient (D) is obtained from the mono-exponential fitting of the exponential decay for high b-values (usually higher than 200 s/mm 2 ). Then, a mono-exponential fitting of the exponential decay for low b-values is applied towards estimating the pseudodiffusion coefficient (D*) and perfusion fraction (f). The other usual fitting model is the bi-exponential, which tries to adjust the entire curve including all b-values to obtain D, D* and f. The approach is commonly used for the mono-exponential physiological model.
Several studies have implemented more robust models for fitting the IVIM signal, e.g. kurtosis model, non-negative least squares (NNLS), models that
use artificial neural network and Bayesian approaches. Details can be found in (Bertleff et al., 2017; Gustafsson et al., 2018; Keil et al., 2017) .
-IVIM and classical perfusion measurements
IVIM emerged as a different approach for the obtaining of perfusion information and studies have aimed to correlate IVIM outputs with standard perfusion-related measures, as CBF and CBV (Bisdas et al., 2014; Henkelman, 1990; Le Bihan and Turner, 1992) .
Conventional perfusion can be assessed by, nuclear medicine techniques, as positron emission tomography (PET) and single photon emission computed tomography (SPECT). In both techniques, a bolus of the exogenous tracer is intravenously injected for tagging the arterial blood with radioisotopes. Emissions from radioisotopes enable the estimation of the delivery of nutrients, as oxygen, glucose and tracer injected in the tissues, which results in the measurement of CBF in physiological units, mL/100g of tissue/min (Le .
MRI-based DSC and DCE are well established methods applied in clinical routine for the assessment of perfusion (Sourbron and Buckley, 2013a) . DSC uses T2*-weighted images of high temporal resolution to calculate perfusionrelated metrics (CBV, MTT and TTP), towards CBF estimation. On the other hand, DCE -originally a technique to assess permeability of blood-brain barrier (BBB) -estimates CBF and CBV according to dynamic T1-weighted images and classic permeability parameters, as volume transfer constant (Ktrans) and plasma volume (Vp). It is the best option for the study of neck, breast, and abdomen, which are regions of high field inhomogeneities due to fat, bone and air interfaces that suffer from susceptibility artifacts in T2*-weighted images. However, both methods require an intravenous injection of gadolinium. Besides concerns regarding its deposition in the brain, some factors hamper the quantification of perfusion-related parameters -e.g. gauge of the venous access that limits injection velocity; physical characteristics of the contrast agent, as temperature and viscosity; characteristics of the injection bomb; the injection protocol, and characteristics of patients, as arterial blood pressure and atherosclerosis.
In ASL, labeled blood flows through capillaries, delivers nutrients and oxygen to the brain tissue, and exchanges magnetization. The approach consists in the magnetic labeling of the arterial blood through the application of radiofrequency pulses. After the labeled blood has reached the slices of interest, the image is acquired and then subtracted from a label-free image acquired at the same position, which results in a perfusion map proportional to the CBF (Buxton, 2005; Buxton et al., 1998 ) that takes into account some physiological and acquisition parameters (Alsop et al., 2015) .
On the other hand, IVIM perfusion measures all water motion contributions to the intravoxel signal, as the Brownian motion of free water at A C C E P T E D M A N U S C R I P T perivascular space, the microperfusion signal of water flowing in randomly distributed microvasculature and flowing blood inside arteries. Since f represents the volume fraction of the intravascular blood and D * refers to pseudo-diffusion motions related to blood flow, these measurements can be connected to those of classical methods. The first hypothesis proposed by Le Bihan and colleagues (Le Bihan, 2017; Le bihan and Turner, 1992) suggests the link is related to capillary network geometry, as described by:
where fw is the MRI-visible water content fraction, L is the total capillary length, l is the mean capillary segment length and v is the average blood velocity. Therefore, CBF is related to IVIM perfusion through product fD * . Recent studies have compared the blood flow measured with ASL and fD * measured with IVIM. Yao and colleagues showed the correlation between fD* and ASL-CBF was fair to good for stroke patients (Yao et al., 2016) . Liang and colleagues also obtained a good correlation with the renal cortex, but weak correlation when the whole kidney was considered (Liang et al., 2016) . Wu and colleagues did not achieve the same good correlation for the brain (Wu et al., 2015) . Therefore, the comparison between IVIM parameters and ASL-CBF is still inconclusive and must be clarified. However, more than comparing IVIM parameters with standard ones, it is important to understand their physiological meaning, since they may provide complementary and useful information.
Neurological and Neurovascular Applications
The analysis of neurological and neurovascular diseases revealed measures of perfusion provide essential information for the patient's diagnosis and the disease characterization and monitoring. IVIM is an imaging tool that represents a new insight in perfusion measurements combined with simultaneously acquired diffusion information. Since its development, some applications for IVIM such as glioma grading, tumor diagnosis, stroke and cerebral death have been reported (Federau et al., 2014b) , and once the results have proven positive, their range has been extended over the past few years.
-Cerebrovascular Diseases
-Stroke
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Stroke is the second leading cause of death worldwide (World Health Organization, 2017), therefore, it has been the subject of extensive studies regarding its characterization, diagnosis, and tissue lesion progression. Besides structural sequences, as T2W, T1W and T2-FLAIR (fluid attenuation inversion recovery), the standard protocols used for stroke evaluation include DWI and perfusion-weighted imaging. The current perfusion mapping is mostly performed by DSC, DCE and, more recently ASL methods (Heye et al., 2014; Huang et al., 2013; Zhang et al., 2015) . Measurements of perfusion in stroke aim to assess the reduction of regional blood flow, volume and transit time through maps of CBF, CBV, and MTT, respectively. However, DSC and DCE use gadolinium-based contrast injected in peripheral veins and are highly dependent on hemodynamics impairment, stenosis of proximal large arteries and velocity of contrast injection. Moreover, they provide information mainly from large vessels rather than the microvasculature (Jahng et al., 2014) . On the other hand, the use of ASL, the classic non-contrast-agent technique, strongly depends on changes in the arterial arrival time and may provide underestimated CBF values (MacIntosh et al., 2010) .
IVIM provides intrinsically local information, and nondependent on the regional effects of big arteries and peripheral hemodynamic impairment or problems related to gadolinium injection. It also provides absolute perfusion and diffusion information with a single three-minute sequence. According to IVIMbased maps, information from D or ADC enables the anatomical determination of stroke lesions since it indicates the degree of diffusion restriction of water molecules (Muir et al., 2006) . Simultaneously, due to incoherent motion, perfusion information is also available (f map) making it possible to determine if it is from intra-or extravascular medium.
The assessment of stroke by IVIM was first reported by Wirestam et al. (Wirestam et al., 1997) . Perfusion fraction f was reduced in affected areas in comparison to the respective contralateral region. After that study, stroke evaluation by IVIM was not reported until 2014, when Federau et al. revisited (Federau et al., 2014c) . In agreement with the previous study (Wirestam et al., 1997) , the authors also reported a reduction in perfusion fraction f in 14 of 17 patients. The novelty was the combined analysis of quantitative maps of ADC and f ( fig. 3b and 3c) , which provided information about the penumbra region. Other studies reported the possible use of different IVIM outputs, as maps of D, ADC, D*, f, and fD * for analysis of affected regions (Hu et al., 2015; Yao et al., 2016) . The authors concluded f and fD* are more sensitive to detect changes during the stroke process, as these parameters are more related to CBF, with similar results to those obtained using ASL. In a different analysis, Suo et al. evaluated the correlation between ADC and IVIM-derived parameters and showed that for stroke lesions this correlation is different in comparison to normal tissue. Such a difference is clear in the analysis of the scatter plot of the correlations, where stroke areas can be distinguished, especially for the ADC-f correlation (Suo et al., 2016) .
-Cerebral small vessel disease
A novel application of IVIM refers to the assessment of patients with cerebral small vessel disease (CSVD), a common microvascular pathology that can progress to complications such as lacunar stroke, leukoaraiosis and vascular dementia (Wardlaw, 2010; Wardlaw et al., 2013a) . Such patients have reported alterations in the parenchyma, lacunes, enlarged perivascular spaces (PVS) and atrophy, which result in structural MRI abnormalities, as hyperintensities and microbleeds (Cordonnier et al., 2007; Ewers et al., 2006; Jovicich et al., 2009; Kruggel et al., 2010; Reig et al., 2009; Roob et al., 1999; Schnack et al., 2004; Wardlaw et al., 2013c; Wonderlick et al., 2009) . Although the identification of CSVD through conventional MRI is relatively easy, finding indications of normal appearing white matter (NAWM) that can advance to CSVD is still a challenge.
Perfusion images have shown a reduction in white matter CBF for CSVD patients (Markus et al., 2000; O'Sullivan et al., 2002) , while DWI has also shown abnormalities (Wardlaw et al., 2013b) .
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Wong et al. used FLAIR image to localize affected areas ( fig. 4a ) and IVIM to estimate perfusion fraction f ( fig. 4b) (Wong et al., 2017) . They observed an increase in f values for both affected areas and in regions of FLAIR-NAWM, which is contrary to previous perfusion-based studies in CSVD. The results may be an evidence of vasodilation to increase the blood flow in those regions to suppress the cognition loss effects. Other possible explanations include deregulation in blood-brain barrier (BBB) and effects of increased vessel tortuosity. Even though the authors showed that IVIM might be useful to indicate affected regions before structural MRI, future studies must investigate the mechanism more carefully. 
-Tumor
Brain tumors deriving from cells of the central nervous system (CNS) are classified into benign and malignant. The most common malignant brain tumors are diffuse gliomas, mainly astrocytomas, and glioblastomas (de Robles et al., 2015) . Due to their high mortality rate, early diagnosis and precise characterization are crucial to the treatment prospectus. Clinically, DSC and DWI are commonly used to help the diagnosis in case of tumor suspicion (Mullen and Huang, 2017) . Therefore, tumors have quickly become an important target of application for IVIM that provides perfusion and diffusion information (Federau et al., 2014b) .
-Glioma
Glial tumors represent over 50% of primary brain neoplasms and approximately 80% of all malignant brain tumors (Goodenberger and Jenkins,
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2012). Term glioma refers to all glial tumors, however diffuse gliomas (grades II to IV) are more critical than low proliferative and well-delimitated gliomas (grade I), which enable complete surgical resection. Diffuse gliomas are divided into low grade (LGG, grade II), high grade (HGG, grade III), and glioblastoma (GBM, grade IV), according to the World Health Organization (WHO) (Louis et al., 2016) . Histologically, grade II gliomas have well-differentiated cells, and patients have an average survival of 5 to 10 years after diagnosis. Grade III anaplastic oligodendrogliomas or astrocytomas show anaplasia and mitotic activity and patients usually survive less than 5 years. Grade IV GBM shows further microvascular proliferation and necrosis and is associated with less than twoyear average survival. Because of such differences, therapeutic strategies are different, and the grading of diffuse gliomas is crucial. Bisdas showed the first evidence that IVIM could provide useful information in grading gliomas (Bisdas et al., 2013) . They reported both D * and f could be used to differentiate gliomas since these parameters were higher in HGG in comparison to LGG, which is consistent with the pathophysiology of the disease. Other researchers have reported similar results and emphasized IVIMderived parameters could be used as markers for the diagnosis of glioma (Federau et al., 2014a; Togao et al., 2016) .
According to Hu et al. ADC and D were significantly lower in HGG in comparison to LGG and, similarly to previous studies, D* at tumor site showed higher values for HGG (Hu et al., 2014) . However, the authors found lower f values for HGG, possibly due to the use of different b-values, especially for lower ones, and to ROI selection that, in contrast to other studies, included the solid tumor with the highest signal intensity on DWI. Moreover, the highest cellularity density, nuclear-cytoplasmic ratio, and relatively fewer mesenchymal components are present in anaplastic gliomas and glioblastomas (Plate et al., 1992) , which are possible sources of reduction in perfusion fraction (Bisdas et al., 2013; Federau et al., 2014a) .
There are also reports on IVIM to differentiate between glioblastoma, metastasis and primary central nervous system lymphoma (PCNSL) (Shim et al., 2015; Suh et al., 2014; Yamashita et al., 2016) . Other researchers reported ADC obtained from a mono-exponential model of DWI could differentiate glioblastoma from PCNSL (Calli et al., 2006; Guo et al., 2002; Toh et al., 2008; Yamasaki et al., 2005) . However, there is evidence that perfusion effects enhance this difference in ADC within the affected region. Suh et al. used the biexponential model to separate perfusion and diffusion information on the IVIM signal and found no significant difference in the D coefficient comparing PNCSL and glioblastoma. They suggested the difference in ADC was related to perfusion (Suh et al., 2014) , which was confirmed through the analysis of the perfusion fraction f higher in glioblastoma than in PNCSL, such a result is in agreement with histological examination, once the level of cellularity in tumors is higher in
comparison to normal tissue (Guo et al., 2002; Toh et al., 2008; Yamasaki et al., 2005) .
-Tumor monitoring
IVIM parameters have been used in the monitoring of tumors in patients treated with drugs, as antiangiogenic and vascular target agents applied outside the brain (Cui et al., 2015; Joo et al., 2016; Joo et al., 2014; Marzi et al., 2015; Yang et al., 2017) .
Detsky and colleagues used IVIM imaging to investigate patients subjected to stereotactic radiotherapy (Detsky et al., 2017) , and differentiate radiation necrosis from tumor progression. This differentiation is crucial for the continuation of or changes in the treatment. A signal enhancement in conventional MRI for both tumor progression and radiation necrosis hampers differentiation, although occurring in different scales. Detsky et al. showed perfusion fraction f might be useful for that differentiation ( Figure 5 ). The perfusion fraction map is uniformly low in the affected region for the radiation necrosis (top row of fig. 5 ), whereas for tumor recurrence, it is more heterogeneous and shows higher perfusion fraction values (bottom row of fig. 5 ). However, such findings must be validated in a larger cohort. 
-Combination of IVIM and ASL
Recent studies have documented gadolinium deposits in the brain and adverse effects in several subjects (Costa et al., 2018; Fitzgerald et al., 2018; Pullicino et al., 2018; Rahatli et al., 2018) . As addressed in section 1, an accurate
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estimation of perfusion parameters based on DSC and DCE depends on different factors, including injection protocol and patients' anatomical vascularization. Therefore, a combination of ASL and IVIM may render a possible diagnostic benefit without the use of gadolinium. Early ASL models assumed the labeled arterial blood could be classified as a freely diffusible tracer . However, other studies have reported the assumption is not completely valid, due to regulatory mechanisms of BBB that reduce water permeability according to the tissue necessity (Eichling et al., 1974; Li et al., 2005; Parkes and Tofts, 2002; Zhou et al., 2001) . Researchers started to assess the ASL signal through a two-compartment model that considers BBB permeability. ASL images acquired at multiple inflow times, which is known as multi-TI/PLD ASL, are an alternative for the obtaining of the BBB permeability resulted from a fitting model. However, the origin of ASL signal must be investigated through its splitting into intravascular and extravascular contributions, which can be done with IVIM. Therefore, a combination of ASL and IVIM started to be considered.
The combination of ASL and diffusion gradients was first described by Wang et al. (Wang et al., 2007) , who used a hybrid sequence of continuous ASL and the twice-refocused spin-echo method for acquiring images with different bvalues at three different post-labeling delays (PLDs). They estimated the BBB permeability to water ( Figure 6 ) through the bi-exponential model. Lawrence et al. reported a similar study but using a two-stage approach (Lawrence et al., 2012) . First, the hybrid ASL-DWI sequence was used in the estimation of bvalues necessary for the separation of extra and intravascular components of the ASL signal. Using only the chosen b-values and varying the PLD, the authors acquired images that enabled the calculation of each contribution to the signal. Figure 6 -Permeability-surface area (PS) for a patient with a tumor (top row) and ASL perfusion maps from images acquired with b = 0 (middle row) and for b = 50 s/mm 2 (bottom row) (Wang et al., 2007) .
Other studies have aimed at better results of BBB permeability and understanding of the origin of the MRI perfusion signal (Hales and Clark, 2013; Zhang et al., 2017) . The results of the combination of ASL and IVIM methods are promising and suggest a possible new imaging tool for the assessment of water exchange across BBB, providing important information about diseases as tumor and CSVD, and neurodegeneration.
-Conclusions
IVIM method is a diffusion-weighted MRI sequence for the estimation of perfusion parameters that offers several advantages in comparison to commonly used approaches. First, it is a noninvasive alternative for the measurement of perfusion with no intravenous injection of exogenous contrast agents, as gadolinium, and provides information on perfusion and diffusion simultaneously through a single image sequence, which shortens the exam. Third, its signal has high spatial specificity since it comes primarily from where the measure is achieved independently of the arterial blood path before arriving there. Finally, it provides complementary information in comparison to ASL and the combination of both methods can be useful for the assessment of neurological diseases.
However, for being a recently rediscovered method, especially for brain applications, IVIM is in development in almost every stage, such as acquisition, analysis, and applications. There is still discussion on how many b-values are necessary to obtain a reliable signal fitting, the maximum b-value to be acquired and the cutoff value where diffusion dominates the signal. Regarding analysis, physiological models and fitting strategies are still under investigation.
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